The concept of 'bandgap mapping' was proposed originally to map the inhomogeneity of band energy in III-V semiconductors with a spatial resolution of a few nanometres in a scanning transmission electron microscope with the focus beam mode. In this paper, several techniques were developed to demonstrate the possibility to map the distribution of bandgap energies for GaN/AlN quantum-well structures using electron spectroscopy imaging (ESI). The phase correlation function was used to register different energy-loss images among ESI series with an accuracy of 1 pixel. The energy dispersion of ESI series was improved by a fast Fourier transform interpolation method. An iterative multivariable least square algorithm was derived to refine the fitting of the single scattering distribution to an analytic form of the density of states function a(E À E g ) 0.5 . The inhomogeneity of the band energy of the quantum well can be revealed from the band-energy map. A threshold filter method is applied to estimate the average value and SD of the bandgap energy from barrier and well regions in the energy map. The average bandgap energy of AlN and GaN is determined to be 5.62 AE 0.35 and 3.87 AE 0.36 eV, respectively. The effect of delocalization on the accuracy of band-energy determination is discussed. The 2s E g accuracy of this analysis is comparable to half of the energy resolution of the ESI experiment.
Introduction
Gallium nitride (GaN) and its alloys with In and Al are used widely in device applications such as light-emitting diodes and lasers where the wavelength can, in principle, be varied from the red to the ultraviolet region [1, 2] . Although GaNbased optoelectronic devices have already been commercialized with great success, understanding and controlling the optical-dielectric properties and the energy bandgap of devices remains important for device qualities and processing. Although optical techniques have higher energy resolution ($2 meV as compared with $300 meV) for bandgap measurements, they are restricted to spatial resolution at the submicron level for transmission measurements and only direct transitions across the bandgap can be studied [3] . For an experimental approach to the understanding of local optical properties, spatially resolved methods at the nanometre level are necessary. In recent years, several studies of the optical properties and energy bandgap of GaN and related materials, such as InGaN and AlN, using electron energy-loss spectroscopy (EELS) have been reported [4] [5] [6] [7] [8] [9] [10] . Basically, in the low-loss region ( < $50 eV), the EELS spectrum measures an energy-loss function that depends on the joint density of states r(E ) for transitions between the valence and conduction band weighted by the matrix element M(E ) ¼ AE i,f j < f j q Á r j i > j 2 of the individual transitions, where j i > and j f > represent the initial and final states of transition, respectively, and q is the momentum transfer [11] . In the low-loss regime, the initial state is the valence state. The collective excitation effects are also important in the low-loss regime. In contrast to the ionization edges where the initial state is a core state with a narrow range, the valence states have a broad energy range, such that a joint density of states (DOS), r(E ), is related to a convolution of occupied and unoccupied states. After proper removal of the zero-loss peak and deconvolution of the plural scattering effect, the single scattering distribution (SSD), S(E ), and the product M 2 r can be obtained with the same energy-dependence [3] . In the dielectric formulation, the SSD can be described as the response of the specimen to the crossing electron probe and is proportional to the imaginary part of the energy-loss function, Im(À1/e)
where I o is the zero-loss intensity, t is the specimen thickness, v is the speed of the incident electron, a o is the Bohr radius, m o is the electron rest mass, b is the collection angle and y e is the characteristic scattering angle. The local properties of the complex dielectric function e(E ) ¼ e 1 þ ie 2 can be determined by the Kramers-Kronig transformation [11] . The imaginary part of dielectric function e 2 (E) and the SSD can be related to be proportional to the product of M 2 r [11] .
Bruley and Brown [12] have shown that for parabolic bands the joint DOS is
For the direct bandgap case, the matrix element acts as a multiplicative constant to the joint DOS r(E) and SSD is proportional to an (E À E g ) 0.5 term, while the matrix element for indirect transitions are shown to be dependent on the momentum transferred by the incident fast electron to the crystal electrons. The product of the indirect matrix element and joint DOS gives an (E À E g ) 1.5 term contributing to the SSD [3] . The SSD region near the bandgap can then be fitted using the expression a(
, where E g is the energy of bandgap, a is simply a pre-factor, c is about 0.5 for direct bandgap and about 1.5 for indirect bandgap [3] .
The EELS analyses of dielectric function and bandgap properties in GaN and related materials (InGaN and AlN, etc.) were usually performed with a cold field-emission gun (FEG) in the scanning transmission electron microscope (STEM) (focus probe) mode [3] [4] [5] [6] [7] [8] [9] [10] 13, 14] . Since a cold FEG-STEM has a typical energy resolution near 0.35 eV and the probe size can be near 0.3 nm, it allows the bandgap of >2 eV to be extracted with a spatial resolution on the scale of a few nanometres. Batson et al. pioneered the detection of local variations in the bandgap using a purpose-modified VG STEM on GaAs/InGaAs structures [13] . The concept of 'bandgap mapping' was proposed to map the inhomogeneity of band energy in the III-V semiconductor with a spatial resolution of a few nanometres in the STEM with the focus beam mode [14] . The spatial resolution for the bandgap analysis at an energy loss of $3-4 eV is usually limited by the delocalization to $7-10 nm for a fine electron probe [11, 15] . To obtain the bandgap map, basically, two-dimensional spectra in x-y space have to be recorded and analysed. However, the focused beam may produce damage in the GaN and related materials [16] . The excitation effect may also complicate the interpretation of the EELS spectrum in which case the Slater transition and core-hole effect may have to be considered [4] . The use of electron spectroscopic imaging (ESI) in an energy-filtered transmission electron microscope (EFTEM) has attracted much attention, because of the ability to directly observe the image and quantitatively analyse two-dimensional EELS spectra. The ESI has the advantage in recording two-dimensional EELS spectra from a large area with less damage in the materials, since it introduces a relatively parallel beam [17] [18] [19] [20] [21] . However, every image needs at least 3 s in the low-loss regime for the ESI method as the electron beam is expanded. The low-loss spectrum needs only a subsecond in the focus beam mode due to the high density of the electrons. As for application of ESI, two-dimensional quantitative elemental maps [22, 23] and sp 2 /sp 3 ratio maps [20] can be obtained utilizing the core-loss signal, while a dielectric function map can be deduced from the low-loss regime [21] . A set of signal processing techniques, such as fast Fourier transform (FFT) interpolation, wavelet transformation and maximum entropy deconvolution, etc., were employed to help extract the information of the dielectric function and sp 2 /sp 3 ratio maps from the low-loss and core-loss ESI spectra, respectively [20, 21] . In this paper, we extend our previous method to fulfil the proposal of the 'bandgap energy map' suggested by Bangert et al. using the ESI technique [14] . The essential challenge on analysing the bandgap region is to separate the bandgap signal from the fading tail of the zero-loss peak (ZLP) and from the noise. It may require higher energy resolution and higher energy dispersion than required for the analysis of the dielectric function in this low-loss range. Several possibilities have been reported to remove the ZLP in order to extract the data resulting from bandgap interaction: subtracting a scaled pure ZLP [22] , subtracting a simulated ZLP [6, 14] and deconvoluting the recorded spectrum with a modelled or experimentally acquired ZLP from the vacuum using a Fourier-ratio method [11] . Previous work [9, 10] had great success in extracting the bandgap energy of GaN and related materials by applying the Fourier-ratio method to remove the ZLP and following that by convolving the spectrum with a suitable Gaussian peak, typically with a width in the range of the energy resolution, to avoid the domination of high-frequency artefacts. Although the deconvolution of the ZLP from the raw data is particularly critical when attempting to study the near bandgap region of materials with a bandgap <1.5 eV [23] , it has been shown that it is possible to extrapolate bandgap energy by fitting a(E À E b )
c from the single scattered data in the first 1.5 eV region and obtain useful information from the calculated M 2 r product [23] .
In this paper, we do not attempt to push the energy resolution of reconstructed ESI spectra to extract the bandgap energy near 1.5 eV or less, but, instead, try just a demonstration that a two-dimensional energy bandgap map can be possibly reconstructed from ESI series images. From the bandgap map, inhomogeneity in the quantum-well structure can be revealed. We have chosen multilayer GaN/ AlN for this study. There are three reasons for selecting these materials. First of all, GaN and AlN are both direct band materials and their band energies have been determined using EELS to be $3.4 and 6.1 eV [10] , respectively, which may be extracted using the ESI technique in a Schottky emission TEM that is usually associated with a lower dispersion (usually 1 eV) and lower energy resolution ($1 eV) than those of a cold FEG-dedicated STEM (typically, 0.1 eV dispersion and $0.35 eV energy resolution). Second, the differentiation between 3.4 and 6.1 eV is not as difficult as the resolving of the sub-eV difference between the InGaN and GaN quantum pair. Last, it has been reported that there is no interdiffusion between GaN and AlN [24] . It makes GaN/ AlN an ideal material system for an energy bandgap study, since it involves no formation of ternary alloys that may cause complication in the determination of energy bandgap.
In our work, different energy-loss images were registered by phase correlation that gives an accuracy of 1 pixel, which is equivalent to a spatial resolution of 0.5 nm calibrated from the magnification of the ESI images. The EELS spectra were extracted from a series of ESI images, followed by FFT interpolation to improve the energy dispersion. The detailed principle of the FFT interpolation can be found in our previous publications [20, 21] . To avoid strong diffraction effects, the sample was tilted away from the zone axis, keeping the interface in edge-on orientation [25, 26] . After Fourier-ratio deconvolution, the SSD spectra were fitted with the equation a(E À E g ) c to extract the information on bandgap energy. A multivariable least square algorithm (MVLS) is derived and given in this paper to refine the value of the energy bandgap. A threshold filter method to estimate the average value and SD of the band energy from the band-energy map of barrier and well regions is proposed.
Experimental
The GaN/AlN multilayer structure was grown by molecular beam epitaxy on an AlN buffer layer of several micrometres at a temperature of 700-750 C. The averaged thicknesses of The TEM samples were prepared using regular mechanical polishing and ionmilling techniques. This study was performed on a JEOL 2010F TEM operated at 200 kV that was equipped with a Schottky-type emission gun and a Gatan imaging filter (GIF). The ESI series were recorded on a Gatan 1024 Â 1024 slow-scan charge-coupled device camera. In the FEG-TEM presented here, the energy spread of the electron beam was optimized to $1 eV for ESI. The width of the energyselecting slit was set to 1 eV. The exposure time of each image is 3 s. The collection semi-angle, b, is 10 mrad. An image series consisting of 75 ESI images was recorded from À4 to 70 eV loss with a step of 1 eV. In this research, we have employed a phase correlation technique to align the ESI images with an accuracy of 1 pixel. The pixel resolution in our experimental ESI series is 0.5 nm pixel À1 , calibrated from the magnification. To avoid complication from isochromaticity of the GIF in the energy-loss images, only the central 256 Â 256 pixels of the images were used for the band-energy analysis. The ESI spectra were extracted and FFT-interpolated with the method that has been described in detail elsewhere [20, 21] . The ESI spectra were then deconvoluted with a zero-loss ESI spectrum extracted from the vacuum region, before they were fitted with the DOS function. An iterative MVLS algorithm was developed for refining the analytical form DOS function a(E À E g ) 0.5 . In the following section, the principles of the phase correlation technique and the iterative algorithm are discussed. The principles of the reconstruction of ESI spectra can be found in our previous publications [20, 21] .
Methodology

Phase correlation method
It is known that the registration between two images can be determined from cross correlation of these two images [27] . The cross-correlation function (CCF) C(x, y) is defined as
where F and F À1 are the Fourier and inverse-Fourier operator, respectively, and I 1 and I 2 are the two images. F(I 2 ) * denotes the conjugate of the Fourier transform of I 2 .
Ideally, the peak value of the correlation surface C(x, y) should be equal to 1.0. However, in reality, due to the presence of random noise, the peak value will be less than 1.0. Therefore, the translation values are estimated by the maximum value in C(x, y). In fact, only the phase part of F[C(x, y)] contains the information of the relative shift of two images. A phase correlation function (PCF) P(x, y) was proposed by setting all Fourier moduli of the product F(I 1 ) F(I 2 ) * to be 1 [28] . The P(x, y) is formulated as follows
The main difference between the PCF and regular CCF is that the PCF usually gives a much sharper peak, close to a 1 pixel delta-function, which shows the precise relative shift between two images, while the C(x, y) usually displays as a broad and smooth peak that may be smeared out in the case of high noise/signal images. Figures 1a and 1b show two test images that have a relative shift, and Figs 1c and 1d show the C(x, y) and P(x, y), which illustrate the basic difference between them. The P(x, y) shows a delta-peak which allows us to register different energy-loss images with an accuracy of 1 pixel.
Iterative MVLS fit
As mentioned earlier, for band-energy analysis the SSD is needed to fit to the analytical form of the DOS function a(E À E g ) 0.5 near the energy bandgap. The SSD can be deduced by deconvoluting ESI spectra from the ZLP extracted from the vacuum by the Fourier-ratio method. There are two parameters that need to be optimized: the prefactor 'a' and the bandgap energy E g in a(E À E g ) 0.
5 . An iterative MVLS algorithm is derived here for fitting SSD to this function. Let us define a function f to be the difference between the a(E À E g ) 0.5 denoted as I model and the SSD near the bandgap energy denoted as I
and
where w 2 is a figure of merit between the model and the SSD. w 2 is a sum over the data 5 eV above the bandgap energy of the corresponding materials in our present study. The initial values of a o and E go can be obtained from eqs (3) (4) and (3) (4) (5) of [29] . The next optimum solution of 'a' and E g can be obtained by
where da and dE g are the small changes in pre-factor 'a' and band energy E g that are given follows
where F a , F E g are the derivatives with respect to 'a' and E g . The F o is the function of f evaluated at the current values of a o and E go . The optimum solution of 'a' and E g can be obtained usually by several tens of iterations.
Results and discussion
The experimental ESI series is shown in Fig. 2a . The thicknesses of multilayered GaN (two dark layers)/AlN (bright layer between GaN) are $5-10 nm. A high-resolution TEM (HRTEM) image of a local area of the GaN/AlN multilayer structure is shown in Fig. 2b . Non-uniformity in the wells can be seen from the variation of contrast in Figs 2a and 2b. The EELS spectra near the Al L-edge acquired using a nano-beam from the middle of the AlN layer (marked A) and the GaN layer (marked B) are shown in Fig. 2c . Although it is suggested that no interdiffusion and reaction occurs between AlN and GaN under our processing Vol. 53, No. 4, 2004 at National Chiao Tung University Library on April 27, 2014 http://jmicro.oxfordjournals.org/ Downloaded from condition [24] and the signal of Al in GaN is not obvious in EELS spectrum, we may not avoid the presence of Al in the GaN layer due to the detection limit. The ESI spectra can be extracted from ESI series images by averaging the intensity of several neighbour pixels, which depends on the pixel resolution and the spatial resolution of the ESI series. The pixel resolution in Fig. 2a is 0.5 nm pixel À1 . The extracted spectra are averaged from a square of 3 Â 3 pixels, which is equivalent to an area of 1.5 Â 1.5 nm 2 . Comparison of the probe-acquired spectra (solid line) with equivalent beam size and typical extracted ESI spectra (circled line) from the AlN and GaN layers is given in Figs 3a and 3b, respectively. As reported previously [3, 9] , the GaN has two characteristic peaks near 19.2 and 23.3 eV, and the plasma peak of AlN is at 21 eV. The major peak around 19.4 eV is reported to result from transition of Ga 3d electrons and has been observed in synchrotron ellipsometry and electron spectroscopy [8, 30] . This double peak was not observed in the case of AlN. The peak positions of both GaN and AlN are consistent with those observed by Brockt and Lakner [10] . No dislocations were observed in our selected region; for this reason, the effect of defects was not conferred. The ESI spectra can be FFT interpolated to improve the dispersion, as given in our previous publications for the lowloss region and carbon K-edge [20, 21] . It is worth mentioning that FFT interpolation has to be used with caution: the intensity in the low-loss regime is strong so that the noise usually may not cause much problem in the low-loss regime for FFT interpolation; however, noise is a problem for FFT interpolation in the core-loss regime due to low signal. In the at National Chiao Tung University Library on April 27, 2014 http://jmicro.oxfordjournals.org/ Downloaded from core-loss regime, a wavelet denoise method has to be applied before the FFT interpolation [21] . Furthermore, as mentioned previously [20, 21] , FFT interpretation may cause artefacts in the two ends of the data, but this problem can be solved by a flip-over method proposed in our previous publication [21] . The detailed principles of FFT interpolation also can be found in our previous publications [20, 21] . The original sampling step of the extracted ESI spectra was 1 eV and that was interpolated to be near 0.12 eV, as in the case of the optical dielectric function in our previous publication [21] . Figures 3c and 3d show examples of FFT-interpolated spectra for AlN and GaN, respectively. The circled lines in Figs 3c and 3d are the as-extracted data from ESI images and the dotted lines are the FFT-interpolated data. As we can see, the FFT-interpolated data closely follow the same trend as the as-extracted data. Before band-energy analysis, SSD associated with both extracted and FFT-interpolated ESI spectra can be deduced by Fourier-ratio deconvolution with a zero-loss peak extracted from the vacuum in the hole of the sample, as proposed previously [9] [10] [11] . The complete procedure for analysing the energy bandgap map is given in Fig. 4 . The boxed area from the zero-loss image in Fig. 2a was used for band-energy analysis. The size of the image is 200 Â 40 pixels. Although it is suggested that the analytical form of the DOS function is only suitable within 3 eV above the band energy [3] , the SSDs of AlN and GaN seem to increase monotonically from their corresponding band energies of 6.1 and 3.4 eV up to energy losses of 14 and 12 eV for AlN and GaN, respectively. Two energy ranges, 3-8 and 6-11 eV, are used for the band-energy analysis, corresponding to 5 eV above the band energy for GaN and AlN, respectively. The initial value of a o and E go of SSD from every pixel can be first estimated [29] for the two energy ranges. The value of w 2 in eq. (6) was then calculated for each energy range. The initial values of a o and E go associated with the minimum w 2 are assigned to the corresponding pixel to form two maps of prefactor and band energy. These maps are used as inputs for Energy Loss (eV) 20 25 30 35 40 As-extracted from ESI
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Probe spectra ESI spectra Probe spectra ESI spectra Fig. 6b . Regions of the energy barrier and the well can be distinguished clearly in Fig. 6b , but inhomogeneity in the band energy also can be seen from Fig. 6a . A simple thresholding procedure was used to decide which area corresponded to AlN and which to GaN, and the average band-energy of each area was then calculated. A binary image where the barrier (or well) region is 1 and well (or barrier) region is 0 can be created by assigning proper threshold band-energy, so that 0 or 1 is assigned to the pixel whose band energy is lower or higher than this threshold energy. If the map of band energy (Fig. 6a) and the binary image are denoted as I Eg and I b , respectively, then the average band-energy can be formulated as follows
The SD of band energy s Eg can be evaluated using the following equation
The number of pixels in the corresponding AlN (barrier) and GaN (well) regions are determined from the binary images I b ( ¼ AEI b ) to be 6120 and 1880 pixels, respectively. The bandgap energy of AlN and GaN is determined to be 5.62 AE 0.35 and 3.87 AE 0.36 eV, respectively, from the boxed area of Fig. 2a .
The accuracy in the band-energy analysis strongly depends on delocalization, the energy resolution of the electron source and recording method. A crude estimate of the delocalization length for a typical plasmon (low) loss is $5 nm [15] , which is comparable to the thickness of the quantum well here. Therefore, an ESI spectrum may contribute from neighbouring pixels extended to 5 nm; however, it will be weighted by a function called the inelastic decay function [15] that describes the weighted decay contribution of the inelastic signal as a function of the distance away from the position of extracting pixel. The inelastic decay function is a function of the delocalization distance and the loss energy. Egerton [31] For an incident electron of energy E o ¼ 200 keV, l ¼ 0.251 nm and energy loss E ¼ 5 eV, the d 50 is $5 nm. This implies that if an energy-loss spectrum is recorded using a highly focused probe, half of the signal will come from an area of 5 nm in diameter. The delocalization effect may explain the reason why our average band-energy for GaN is higher than the ideal value, while that of AlN is lower than its typical energy, since we expect the GaN ESI spectrum may be mixed with the inelastic signal from the AlN region and vice versa. It might be possible to improve the accuracy of the band energy, distorted by delocalization, by a signalprocessing method, but it requires knowledge of the inelastic decay function, which is out of the scope of this paper.
However, it is an interesting and desired research work in the future. The second factor affecting the accuracy of the bandenergy determination is the energy spread of the electron source. Most of the previous work [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] in band-energy analysis for GaN and related materials has used a cold FEG. In that case, a band energy of $3 eV can be revealed easily, directly in some cases or without much effort in analysis. In our experiment, a Schottky-type emission TEM was used, the energy resolution is optimized to be $1 eV, and ESI spectra were recovered with 1 eV energy slit and 1 eV energy sampling. Although the FFT interpolation may help in energy dispersion, the energy resolution is still limited to be at best 1 eV. The accuracy in band-energy analysis in the ESI case is reasonably estimated to be about half of the energy resolution, which has about the same magnitude as 2s E g . The ESI technique at this moment might not be able to resolve a small difference in the band energy of the barrier/ well pair, as in the InGaN/GaN system, where the value is 0.5 eV. It is found that great care has to be taken in applying ESI to reveal a reliable band-energy as small as 3 eV. The energy resolution of ESI may depend not only on the electron source but also on the allowed energy width and sampling step in energy space. The smallest allowable energy width and energy sampling interval for the present GIF2000 is 1 eV. Development of a high brightness monochromatic TEM and GIF with an energy slit width and energy sampling interval as small as the energy resolution of the monochromatic TEM may allow for ESI to obtain a larger area of two-dimensional information on small band-energy and even the electronic structure from the EELS fine structure.
Concluding remarks
The concept of 'bandgap mapping' was proposed by Bangert et al. [6] to map the inhomogeneity of band energy in III-V semiconductors with a spatial resolution of a few nanometres in a STEM with the focus beam mode. In this paper, the map of band energy of AlN/GaN layers is obtained using the ESI technique. A threshold filter method is proposed to estimate the average value and SD of band energy from barrier and well regions in the band-energy map. The average bandgap energy of AlN and GaN is determined to be about 5.62 AE 0.35 and 3.47 AE 0.36 eV, respectively. It is thought that the delocalization effect is one of the main sources that contribute to deviation of the band energy from their ideal values. The 2s E g accuracy of this result is comparable to half of the energy resolution of the ESI experiment.
